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A STUDY OF ASEPTIC MAINTENANCE BY PRESSURIZATION 

By.D.J. Cheater, J.T. Negrey, D.L. McMenamin, 
and J.J. S h u l l  

Genera l   E leczr ic  Company 

1 . 0  SUMMARY 

A s tudy   of   asep t ic   main tenance   by   p ressur iza t ion  has been 
conducted f o r  the Langley Research Center o f  the Nat iona l  
Aeronautics  and  Space  Administration  under  Contract NAS 1-10061. 
The s tudy   cons is ted   o f  three phases.  The first  phase  encompassed 
experimental  work which inc reased  the confidence limits o f  the 
da ta   p rev ious ly   ob ta ined  from t h e  AMP I and AMP I1 c o n t r a c t s .  
Results of  these s t u d i e s  have demonstrated that  a p res su re  
d i f f e r e n t i a l  as small as  .05 inches  water pressure  above  ambient 
a c r o s s  a membrane s e p a r a t i n g  two quiescent  chambers  could  prevent 
passage  of  microorganisms  through a s i n g l e   h o l e   a g a i n s t  that  
p re s su re   g rad ien t .   F i f ty   mi l l i g rams   o f   l yoph i l i zed  B. subti l is  
var. n ige r   spo res  were a e r o s o l i z e d   i n t o  a chamber a d  were 
presented  by g r a v i t y   t o  the h o l e  a t  the bottom  of the chamber 
(qucescent   t es t ing) .  The ho le s ,   1000   t o  3000 mic rons   i n   d i ame te r ,  
were.,made i n  .012 inch  thick membranes o f  aluminum. The l y o p h i l i z e d  
spores  which pene t r a t ed  the h o l e  were captured  on an   aga r  medium 
l o c a t e d  a t  the bottom  of the gas  chamber,  and were a l l o w e d   t o  grow 
i n t o   v i s i b l e   c o l o n i e s .  

After e s t a b l i s h i n g  the 3000 micron  hole as  the maximum h o l e  
s i z e  that  could be employed i n   t h e  test  membrane wiehout excessive 
evaporation  from the culture tube  media when oxyethylene  docosanol 
was used t o   r e t a r d  th i s  evapora t ion ,   fo r ty - s ix  tests were performed 
i n  the qugescent tes t  appa ra tus   u s ing  the tes t  procedures  developed 
du r ing  the AMP I and AMP 11 c o n t r a c t s .  These tests were run  under 
the fo l lowing   cond i t ions :  

a) Five  tests with holes   o f   approximate ly   1000  microns   in  
diameter,   and 0.5 i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n  of 
s t e r i l i t y .  



b) Three tests w i t h  h o l e s  of approximately 1667 microns i n  
diameter,  and 0.5 i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n   o f  
s t e r i l i t y .  

c)  Three tests with holes   o f   approximate ly  1887 microns i n  
diameter  and 0.5 i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n   o f  
s t e r i l i t y .  

d) Ten tests with holes   o f   approximate ly  1000 microns i n  
d iameter   and   2 .0   inches   d i f fe ren t ia l   p ressure .  No v i o l a t i o n   o f  
s t e r i l i t y .  

e) Twenty-five tests as fol lows:  

Seven tests with h o l e s  2000 microns  in  diameter  and 0.5 
i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n .  

E i g h t  tests wi th   ho le s  2333 microns in   d iameter   and  0.5 
i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n .  

S ix  tests with h o l e s  3000  microns in   d i ame te r  and 0.5 
i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n .  

Four tests with ho le s  3000  microns in   diameter   and 0.5 
i n c h e s   d i f f e r e n t i a l   p r e s s u r e .  No v i o l a t i o n .  

The da ta   ob ta ined   under   qu iescent   condi t ions   subs tan t ia te  
the theory that  low p r e s s u r e   d i f f e r e n t i a l s  w i l l  e f f e c t i v e l y  
prevent   passage   o f   microscopic   par t ic les   th rough a microscopic 
hole  as long as the atmosphere on e i t h e r   s i d e  of  the  hole  i s  
quiescent .  The experimental   data   demonstrated that  f o r  a l l  t h e  
h o l e   s i z e s   t e s t e d ,  0.5 inches  of  water p r e s s u r e   e f f e c t i v e l y  
stopped a l l  the p a r t i c l e s  that challenged  the  holes.   Experimental  
c o n d i t i o n s   r e s t r i c t e d ,  somewhat, the p a r t i c l e   s i z e s  which challenged 
the va r ious - s i zed   ho le s .   Theore t i ca l   ana lys i s  has shown,  however, 
t h a t  0.5 inches   o f  water pressure  w i l l  e f f e c t i v e l y   s t o p   p a r t i c l e s  
up t o  200 microns  in   diameter ,   under   quiescent   condi t ions.  

The second  phase  of the c o n t r a c t ,  which ran   concurren t ly  with 
the quiescent  tests, d e a l t  with t h e   h i g h   v e l o c i t y   p a r t i c l e   t u n n e l s ,  
i n   a n   e f f o r t   t o  more p rec i se ly   de f ine   t he   r e l a t ionsh ip   be tween  
p a r t i c l e   v e l o c i t y   a n d   t h e   p r e s s u r e   d i f f e r e n t i a l   r e q u i r e d   t o  
main ta in   aseps is .  These experiments were performed i n  three 
unique  wind  tunnels   specif ical ly   designed  and  constructed  for  the 
AMP I1 con t rac t .  
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Theore t ica l   gas   f low  ana lys i s  has c lear ly   demonst ra ted  that  
the presence   o f   an   in te rna l   p ressure   s l igh t ly   above   the   f low 
s t agna t ion   p re s su re  w i l l  p revent   the   migra t ion  of one to three 
mic ron   d i ame te r   pa r t i c l e .   La rge r   p re s su re   d i f f e ren t i a l s  are 
r equ i r ed   t o   p reven t   pas sage   t h rough   l a rge r   ho le s  as the p a r t i c l e  
s ize  and   ve loc i ty   i nc reases .  

A t o t a l  of  50 tests were run with h o l e   s i z e s  of 20 So 1000 
micron i n   d i a m e t e r  a t  p re s su re   d i f f e ren t i a l s   r ang ing   f rom .05 t o  
3 . 8  inches.  These were run  a t  wind v e l o c i t i e s   r a n g i n g  from 10 
t o  30 miles per   hour .  The test  regimes were as follows: 

- - 

Hole  Size A i r  Veloc i ty  Number of 
I n  Micron MPH Tests 

1000 
1000 
1000 

200 
200 
200 
200 
200 

20 
20 
20 
20 
20 

20 
25 
30 

10 
15  
20 
25 
30 

10 
15 
20 
25 
30 

3 
3 
4 

The tes t  procedures   used  during the course of these experimental 
s t u d i e s  were those  developed  during the AMP I and AMP 11 c o n t r a c t s .  
Results of the tests run with h o l e s  20, 200 and 1000 microns   i n  
d iameter   ind ica ted  that  c r i t i c a l  v e l o c i t i e s   a s s o c i a t e d  with these 
ho le s  were 30, 26, and 15 miles pe r  hour, r e spec t ive ly .  A s  the 
wind v e l o c i t i e s   i n c r e a s e d  beyond t h e s e   p o i n t s ,  a marked inc rease  
i n   p r e s s u r e   d i f f e r e n t i a l  was r equ i r ed  to p r e v e n t   p a r t i c l e  
pene t ra t ion .  

The th i rd   phase   o f  the exper imenta l   s tud ies   involved  the 
performance  of   thir ty-f ive tests i n  a modif ied  quiescent  t es t  
appara tus  to determine the minimum time r e q u i r e d   f o r   p e n e t r a t i o n  
of a hole  by  microorganisms on the occasion of loss of   p ressure  
d i f f e r e n t i a l .  The quiescent  t e s t  chambers were modified to c o n t r o l  
t h e   p r e s s u r e   d i f f e r e n t i a l  a t  two inches   o f  water f o r  a given time 

3 



per iod ,   t hen   t o   pe rmi t   t he   p re s su re   t o  vent to   ze ro  and  hold  for  
a given time per iod .  The two inches  of  water d i f f e r e n t i a l   p r e s s u r e  
was then   rees tab l i shed   and  the cyc le   r epea ted   eve ry   t h i r ty   minu te s  
f o r   t h e   d u r a t i o n   o f   t h e  test. 

Experimental tes t  s tud ie s   run   w i th  100, 200 and  1000  micron 
h o l e s   i n d i c a t e   t h a t   t h e  minimum time requ i r ed   fo r   pene t r a t ion   o f  
a hole,   once the p r e s s u r e   d i f f e r e n t i a l  has reached  zero,  i s  i n  the 
order  of  one  second. On .occasion, a time  span as s h o r t  as 0.2 
seconds af ter  ambient was reached was s u f f i c i e n t  to allow 
penet ra t ion .  With t h e   s m a l l e s t   h o l e  s i ze  (20 P ), on t h e   o t h e r  
hand, 30 t o  60 seconds were necessa ry   t o   ach ieve   pene t r a t ion  
probably  due  to the less f requent   cha l lenge   of   the  small o r i f i c e  
by v i a b l e   p a r t i c l e s .  

The o v e r a l l  test r e s u l t s   i n d i c a t e   c l e a r l y  a p a r t i c l e  s i ze  
dependence ;in a l l  t h e   h o l e   s i z e s ,   t h u s   n e c e s s i t a t i n g  a r i g i d  
c o n t r o l  on p a r t i c l e   s i z e s   a n d   v e l o c i t i e s  when the p r o l e c t i o n  of 
ho le s  i s  to  be  accomplished with 2.0 inches  of water p res su re .   In  
genera l ,  the use of p r e s s u r e   d i f f e r e n t i a l s   o f f e r s  a workable 
so lu t ion   to   main tenance  of s t e r i l i t y   a f t e r   t e r m i n a l   s t e r i l i z a t i o n  
has  been  accomplished. 

4 



2.0 INTRODUCTION 

2.1 BACKGROUND 

The program ent i t led  "Asept ic   Maintenance by Pressur iza t ion"  
addresses   the  problem  of   maintaining  the s te r i l i ty  of  an  extra- 
t e r r e s t r i a l   v e h i c l e  by providing a p o s i t i v e   p r e s s u r e   d i f f e r e n t i a l  
across   the   wal l   o f   the   enc losure   used   as  a b a r r i e r   a g a i n s t  
recontamination  from  viable  organisms. 

For many y e a r s   t h e   c o n t r o l   o f   a i r  movement has  been  employed 
i n  h o s p i t a l ,   i n d u s t r i a l ,  and   pharmaceut ica l   p rac t ices   to   a id  i n  
excluding  microorganisms  from  clean rooms or  semi-closed  systems 
where i t  i s  d e s i r a b l e  t o  maintain a low populat ion  densi ty   of  
microorganisms  or  to  prevent  the  spread  of  pathogenic  organisms 
from  a room or   enc losure .  The use  of  a  posit ive  pressure 
d i f fe ren t ia l   to   ach ieve   an   ou tward   gas   f low  through a leak  - 
microscopic   or   otherwise - has  been  adopted by i n v e s t i g a t o r s  i n  
developing  techniques t o  m a i n t a i n   s t e r i l i t y  i n  closed  systems on 
the  premise  thag  such  methods w i l l  i n s u r e   t h e   b i o l o g i c a l   i n t e g r i t y  
of  a  system. The success   o f   such   f ac i l i t i e s  i n  main ta in ing  
s t e r i l i t y   o f  a  system  has  been  well  documented. The a c t u a l   b e n e f i t  
accrued  f rom  such  a   faci l i ty ,   however ,   has   not   been  es tabl ished 
q u a n t i t a t i v e l y ,  no r  has  the  magnitude  of  the b P  requi red  been 
determined. 

Theoretical   computations  performed  for AMP I and AMP I1 
ind ica ted   tha t   the   es tab l i shment   o f  a p o s i t i v e   p r e s s u r e   d i f f e r e n t i a l  
can be an e f f e c t i v e   d e t e r r e n t  t o  microorganisms  tending t o  pass 
through  small   holes .  This was largely  confirmed i n  AMP I and AMP I1 
experimental ly ,   but   addi t ional   data   points   were  required  to   provide 
a s t a t i s t i c a l   b a s e   t o   p e r m i t   c a l c u l a t i o n   o f   t h e   p r o b a b i l i t y   o f  
contamination of  a s t e r i l e   s p a c e .  

The intent   of   the   present   program was t o  expand the  data   base 
provided by the   p rev ious   cont rac ts ,  and to   ob ta in   da t a  on a d d i t i o n a l  
phenomena' involving  the  use  of   posi t ive  pressure t o  maintain s ter i l i ty .  
I n  so doing,   the   program  evaluated  the  inf luence  of   several   parameters ,  
foremost  of  which were the  hole   diameter ,  membrane th ickness ,  
p r e s s u r e   d i f f e r e n t i a l ,  wind v e l o c i t y ,  and m i n i m u m  pene t r a t ion  time 
on the  occasion  of loss of p r e s s u r e   d i f f e r e n t i a l .  
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2.2 Program  Formulation 

The AMP I11 program was fo rmula t ed   t o   ex t end  the t e s t i n g   o f   t h e  
A" I and AMP I1 con t rac t s   wh ich   i nves t iga t ed  the p res su re  
d i f f e r e n t i a l s   r e q u i r e d   t o   p r e v e n t   t h e   p a s s a g e   o f   m i c r o o r g a n i s m s   u n d e r  
qu ie scen t   and   non-qu ie scen t   cond i t ions ,   and   t o   de t e rmine  a minimum 
p e n e t r a t i o n  time i n   t h e   e v e n t   o f  a p re s su re  loss. The f i r s t  phase,  
the quiescent  work, was predominantly a con t inua t ion   o f  the previous  
AMP c o n t r a c t s   s i n c e   t h e   d e s i g n   s t u d i e s   a n d  the a n a l y t i c a l   s t u d i e s   o f  
AMP I and AMP I1 were a p p l i c a b l e .  The test  appa ra tus ,  t es t  
protocol   and  techniques were car r ied   over   f rom  the  two previous  
programs  with two except ions :  the use of  oxyethylene  docosanol a s  
an   evapora t ive   r e t a rdan t ,   and ,  a sp ray   nozz le   fo r   mic rob ia l  
d i spe r s ion .  

E a r l y   i n   t h e  AMI? I11 program, tests were performed t o   e s t a b l i s h  
the maximum h o l e   s i z e  t ha t  could  be  employed i n   t h e  t es t  membrane 
without   excessive  evaporat ion  f rom the c u l t u r e  tube media us ing  a 
d i lu te   emuls ion   of   the  wax, oxyethylene  docosanol. This non-toxic ,  
s t a b l e   i n e r t  compound , i n  a 0.2% emuls ion   g rea t ly   ex t ends   t he   u se fu l  
l i f e  o f   aga r   i n   con junc t ion  with appa ra tus   des igned   fo r   u se  with 
cont inuous a i r  flow. This proper ty   o f  O.E.D. i s  a t t r i b u t a b l e   t o  
i t s  a b i l i t y   t o  form a monomolecular layer   which   prevents   evapora t ion  
from the agar .  It  has been  found tha t  colony  growth was n o t   a d v e r s e l y  
a f f e c t e d   d u e   t o  the a d d i t i o n   o f   t h i s  compound. The conclusion  of  
t h i s  work was t h a t   t h e   u s e   o f  t h i s  compound a l lows   for   ex tended  
a b i l i t y   t o   c o l l e c t  and grow microorganisms  during  the 72  hours   o f  
t he  t es t  run. 

I n   a d d i t i o n ,  the ae roso l   d i spense r s   u sed   p rev ious ly  were rep laced  
by  an  atomizer  capable of  d i s t r i b u t i n g  more  uniformly the v i a b l e  
microorganisms  within  the  chambers. The f l a t  f an   t ype   sp ray   pa t t e rn  
employed  Pncreased the number o f   p a r t i c l e s   w i t h i n  the chamber and 
decreased the s i z e   o f  these p a r t i c l e s .  

The second  phase  of the program, the h i g h   v e l o c i t y   t e s t i n g ,  
cont inued the expe r imen ta l   s tud ie s   o f  AMP 11. The f i f t y   h i g h  
v e l o c i t y  tes ts  were performed i n  the wind t u n n e l s   e x a c t l y  as those  
of   the  AMP I1 c o n t r a c t   t o  more p r e c i s e l y   d e f i n  e t h e   r e l a t i o n s h i p  
between p a r t i c l e   v e l o c i t y   a n d   p r e s s u r e   d i f f e r e n t i a l .  To maintain 
a cons tan t   p rocedure ,  a detai led  checkout   form was used on each 
t e s t  r u n   t o   r e c o r d   t h e   s t e p s  as performed. A s  i n  the previotts 
p rog ram,   t he   me thods   fo r   d i spe r s ion   o f   ae roso l ,   cu l tu re   t ube  
incuba t ion ,  a i r  l i n e  f i l t e r s ,  aerosol   head   prepara t ion ,   and   pre tes t  
checkout,  were similar t o  the qu ie scen t  t e s t  program. The 50 mg 
of v iab le  spo res   ae roso led   i n to  the wind  tunnel  provided a mic rob ia l  
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chal lenge  several o r d e r s  of magnitude more severe than  that found 
i n  the qu ie scen t  tests. 

I n   a d d i t i o n ,  the prec ise 'geqmetry   o f  the h o l e s  employed i n  the 
above tests were determined where p o s s i b l e  by the cast technique 
developed  during the p rev ious   con t r ac t s .  

The th i rd   phase  of the program  deal t  with m i c r o b i a l   p e n e t r a t i o n  
under   condi t ions  encountered by a lo s s  o f   p r e s s u r e   d i f f e r e n t i a l .  
This aspec t   o f   t he  work requi red   bo th   ana ly t ica l   and   exper imenta l  
a c t iv i t i e s  i n  i t s  performance,  foremost of which was the 
mod i f i ca t ion   o f  the quiescent   chambers   to   a l low the p res su re  to 
v e n t  to zero ,   main ta in  i tself  there f o r  a p r e c a l c u l a t e d  t i m e  
per iod ,   then  reestablish i tself  a t  two inches  A P. 

Before this was done  however, a n   a n a l y t i c a l   q u a n t i f i c a t i o n  to 
pred ic t   spo re   pene t r a t ion  times a s s o c i a t e d  with t r a n s i e n t   p r e s s u r e  
l o s s  was undertaken.   In  the ana lyses ,  i t  was determined that the 
minimum spore   pene t r a t ion  time was dependent on the fo l lowing  
q u a n t i t i e s :  the volume of a i r  supplying the membrane h o l e ;   i n i t i a l  
oven p res su re   ac ross   t he  membrane; ex te rna l   p re s su re ;  membrane 
th i ckness ;   ho le   d i ame te r ;   acce l e ra t ion   due   t o   g rav i ty ;  a i r  temperature 
and   v i scos i ty ;   and   spore   dens i ty   and   rad ius .  The r e s u l t s   o f  these 
s t u d i e s  were then  used to i d e n t i f y  the necessary test parameters  
and their va r i a t ions   i n   magn i tude .  
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3.0 ANALYTICAL STUDIES 

3.1 SPORE  PENETRATION TIMES ASSOCIATED WITH TRANSIENT  PRESSURE LOSS 

In this analysis, it is determined that  the minimum spore penetration time is 
dependent on the following quantities: the volume of air supplying the  membrane  hole(s); 
initial overpressure  across  the membrane and external  pressure;  membrane thickness; 
hole diameter or  aggregate area,  for  more than  one hole; acceleration due to gravity; 
air temperature and viscosity; and spore density and radius. The analysis, although 
general jn nature, is limited to  the condition where the initial overpressure is small 
compared to  the  external  pressure. Depending  upon the  ratio of membrane  thickness 
to hole diamter,  the efflux velocity is predicted by either  orifice type flow or Hagen- 
Poiseuille type flow. Spore penetration times  for an initial overpressure of 2" H 2 0  
and a membrane thickness of 305 microns are provided for hole diameters of 20, 200 
and 1000 microns,  spore radii of 1 and 15 microns and volumes between 1 and lo5 cc. 
Examination of these  results shows that, for orifice type flow (membrane thickness to 
hole diameter  ratio less than 5) , the  spore penetration time is most  sensitive to the hole 
diameter and spore  radius (squared dependence) , and relatively  insensitive to  the  initial 
overpressure  (square  root dependence).  The same dependences apply also  for  the 
Hagen-Poiseuille type flow except for  the hole diameter  (quartic dependence)  and initial 
overpressure (linear  dependence). 

By combining the equation of state  for an ideal  gas, 

P = pRT (1) 

in which P denotes the  gas  pressure, p the  density,  T the absolute temperature, and R 
the gas constant, with the  density  relation for a homogeneous mixture, 

p = M/V (2) 

m which M and Vdenote the  mass and volume of the  gas,  the  pressure can be expressed 
as: 

P = RTM/V (3) 

If the gas is allowed to exhaust through an orifice while the gas temperature and  volume 
are kept constant, the  time  rate of change of the  pressure is obtained by differentiating 
Equation 3,  

dP  RT dM 
dt V dt 
" - - 

For the steady flow of an ideal  gas through an orifice of cross-sectional area against 
an exit pressure Pa , the mass flow is given by 
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so that 

in which 6 denotes .the ratio of the  specific heat  capacities of gas which is 7/5 for room 
temperature air. For convenience define: 

s 

This produces 

whereupon integration  yields 

2 (8 + 4 W + 3W') (W - l)lI2/15 = kt + Const. 

Letting 

P = l + A P  

then, approximately, on condition that A P  is small compared to unity, 

W = P  2/7 e 1 + 2AP/7 

which  when substituted intoEquation l2 gives after simplifying 

With the initial condition at 

t = O  



A P  = APo 

Equation 15 reduces to 

A P  = APo (1-kt/Jmi)2 

Thus, the  pressure  drop  across  the  orifice  reaches  zero when 

~y c0mb-g the  alternate  form of the mass continuity equatiin 

withEquation 5 under the condition expressed by Equation 14, the efflux velocity of the 
orifice may be obtained in the  form 

with p denoting the fluid viscosity. For this case, me obtains the Merential  equation 

With the initial conditions the solutions to the above differential equation is 

- T d H  'a t 
4 

AP = AP,e 128P LHv 

from which the  time dependence of the efflux velocity is obtained 
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In the following derivation, for the case of orifice type flow, Equation 21  is rewritten 

V H  = v ( 1 - t / t )  (26) H o  e 

where 

and, fo r  the case when the hole diameter is considerably less than its length, Equation 
25 is rewritten 

v = v  - t / t i  
H . H i  e 

where 

and 

- l28p LH V ti - 
T ~ H ~  

Consider the problem of a spherical  spore of radius rs and Ms which is approaching 
an orifice with velocity v and  which is acted upon  by a gravitational  field aligned with the 
orifice axis and directed inward.  Newton's  Second  Law provides  the equation of motion of 
the  spore: 

where Fd represents  the  dragforce which for  the anticipated conditions will be given  by 
Stokes' Drag Law 

&? -+ av = g -   a v  
dt H 
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Before proceeding to the solution of the above equation, in order to establish  the 
proper  initial conditions, a more  precise definition of the problem is required. The 
volume  behind the  orifice is initially pressurized high  enough that  penetration of the 
spores through the orifice cannot occur,  that is to  say,  initially, crvH>g. At time 
zero  the supply pressure is cut off and, as the overpressure  across  the  orifice  drops 
to zero,  at some later time to the  drag and gravity forces acting on a spore within the 
jet  issuing  from the orifice will be equal, i. e. , OWH = g. At time to the  spore velocity 
is zero and its position withjn the  jet will depend on how rapidly  the pressure along the 
jet decays with distance away from the orifice exit. With x denoting the  distance along 
jet axis from the orifice exit, the  initial conditions for the problem to be solved are: 

At t = to 

v =  0 

x =  x 
0 

where, fromEquations 26 and 28 for the two cases of interest, the  time is given by 

for the  orifice type flow and 

to = t .  In (avHi/g) 
1 (3 9) 

for the. Hagen-Poiseuiue type  flow. 

Treating  the latter  case first, solution for v gives 

and for x these  results 

x = xo+ g (t-to)/a- (1 - e  - a (t- to))  g/,2 

Consequently, the time $ required for a spore  to  penetrate the membrane is the value 
which satisfies 
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Under the conditions 

(2 (l/a + a (LH - xo) /g)/ti )1/2 < 1 

Equation 42  may be  reduced to a form which  can  be inverted to  get an approximate 
relation for the  spore penetration time: 

To determine  the penetration time in the case of orifice type flow, the resulting 
solution for v is 

+ g / a  - VHo (l+l/ate) + v Ho t/te 

and for x cme obtains 

(45) 

It must  be noted that Equations 47 and 48 are valid only if t 5 & and, for  this condition, 
the time required for a spore to penetrate  the  membrane is the value which satisfies 

LH - x. = f4 (tp-to) / a +  VHo (tp2 - to2) /2te 
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Under the condition 

EcpatiOn 49 may  be reduced and inverted to get an approximate  expression for the  spore 
penetration time : 

If the value of obtained fromEquation 51 exceeds te then the value of which satisfies 
Equation 49 wil P also exceed te and the spore penetration time must be obtained as 
follows. For t >te  the governing Equation (34) becomes 

*+CYv = g  
dt 

and the  initial conditions are provided fromEquations 47 and 48 at t = te. With these 
initial conditims, the solutions of Equation 52 for the spore velocity and coordinate are 

x = x 0 + g  ( t - t o ) / a + v H o  (te - t , 2 ) / 2 t e  

The time  required for a spore to penetrate  the  membrane is the  value of t which 
satisfies P 

With the condition 
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tp = to + cy (LH - Xo) / g  + (1 + teg/2 VH0)/cy 

Spore penetration times obtained by numerical solution of Equations 42  and 49 or 
55, as the  case may  be, are provided in Figures 3.1, 3.2 and 3.3 for hole diameters 
of 20, 200,  and 980 microns, respectively. All results were generated for an initial 
overpressure of 2 inches of water against an external  pressure of me atmosphere. 
In each figure, solutions are shown for  spore  diameters of 1 and 15 micrcms  with the 
spore  mass density taken equal to that of water (1 gm/cc). In all cases, the  spore was 
assumed located at the  external  face of the  membrane at the  instant when the gravita- 
tional force and the  drag  force acting on the spore were equal.  Consequently, these 
computations represent  the minimum spore penetration times; however, a more 
accurate  determination of the  actual  spore penetration times cannot  be made without 
knowledge of the pressure decay along the jet issuing from the hole. 

In Figure 3.1 the ratio of hole length to  diameter definitely indicates  the flow is of 
the Hagen-Poiseuille type and the solutions are provided from Equation 42.  Although 
not  shown, the  spore penetration times predicted by Equation 46 are in good agreement 
with the exact values for  the  small  spore, being 4% low at a volume of 1 cc to within 
the convergence tolerance of the exact solution at  the higher volumes, and, for  the 
larger  spore, to within the convergence tolerance  over  the whole  volume range. 

In Figures 3.2 and 3.3 for the two larger  holes,  orifice type  flow prevails and 
solutions are provided from Equations 49 or 55, depending  upon  which is applicable. 
For  these calculations an orifice  discharge coefficient (ratio of actual flow area to 
orifice  area) was employed  with the value being 0.6 as ascertained  from  the experimental 
pressure-flow results. In all four  casesEquation 57 predicts the spore penetration 
times to within the convergence tolerance (0.01%) of the exact solution over the entire 
volume range . 

The  magnitude of the effect of spore location at the  instant of force balance on the 
penetration time is shown  in Figure 3.4 for the 980 micron hole - 1 micron spore 
combination. In this comparison three  cases  are consjdered. At the instant of force 
balance the spore is assumed  to be located at the orifice  exit, one membrane thickness 
(0.03048 cm) away from the  exit, and five  membrane  thicknesses from the exit. In all 
three  cases Equation 57 predicts  the penetration time  to within the accepted accuracy for 
the exact solutions. 

Figure 3 . 5  is a composite of the three-hole diameters vs.  time  relationships. The 
theoretical  analysis was initially  based on an ideal 20, 200 and lOOOp hole diameter. In 
actuality, however, hole sizes of 33, 190 and 980p were employed. As  can be seen from 
the  graph,  the penetration time  for a 11.1 particle through a 201.1 opening is in the order of 
l o 3  seconds. The same 1p particle on the  other hand, requires only 5 x lo2 seconds 
to penetrate a 33p hole on the occasion of pressure decay - an order of magnitude less. 
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SUPPLY VOLUME, v, cc 

FIGURE 3.1 SPORE  PENETRATION TIME VERSUS SUPPLY VOLUME 
FOR A 20 MICRON  DIAMETER HOLE 
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FIGURE 3.2 SPORE PENETRATION TIME VERSUS SUPPLY VOLUME 
FOR A 200 MICRON DIAMETER HOLE 
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FIGURE 3.3 SPORE  PENETRATION TIME VERSUS SUPPLY VOLUME 
FOR A 980 MICRON  DIAMETER HOLE 
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4.0 EXPERIMENTAL PROGRAM 

4.1 APPARATUS " DESCRIPTION 

4.1.1 Quiescent  Apparatus 

The labora tory   appara tus   for   the   de te rmina t ion   of   the   f low  of  
microorganisms  through  various  microscopic  holes i n  membranes,  and 
f o r   c o n t r o l l i n g  a   range   of   d i f fe ren t ia l   p ressures ,  was designed 
and fabr ica ted   dur ing   the   course   o f   the  AMP I1 con t rac t .  I n  
b r i e f  , the  a.pparatus, (shown i n  Figure 4.1) cons is ted  of a  twenty- 
two l i ter  s p h e r i c a l   g l a s s   f l a s k  i n t o  which was aerosoled,   through 
a dispenser  head,  the  lyophilized  microorganisms. An a g i t a t i n g  
fan  momentar i ly   c i rculated  the  dispers ion  and was then  shut down, 
a l lowing   the   o rganisms  to   cha l lenge   the  membrane h o l e   s i t u a t e d  
wi th in   the  membrane ho lde r   a t   t he   base  of  the   f lask .   At tached   to  
t h e   h o l d e r   a r e   a i r - l i n e   f i l t e r s  which   main ta in   the   s te r i l i ty   o f  
t he   a i r   pas s ing   ac ross   t he  membrane t o  a  manometer i nd ica t ing   t he  

A P  ac ross   t he  membrane. 

4.1.2 High Velocity  Apparatus 

Three  high  veloci ty  wind tunnels   designed  and  fabr icated  for  
the AMP I1 c o n t r a c t ,  were  used to   de t e rmine   t he   d i f f e ren t i a l  
p re s su res   r equ i r ed   a t   va r ious  wind  v e l o c i t i e s   t o   p r e v e n t   p e n e t r a t i o n  
through  microscopic  holes i n  membranes.  Each 6 .6  square  foot   tunnel  
was adapted  with a r e v e r s i b l e  motor fan  which  propelled  the 
aerosol ized  microorganisms  past   the   viable   cul ture  chamber loca ted  
i n  t he   r e s t r i c t ed   l eg   o f   t he   t unne l .  The a i r   v e l o c i t y  was monitored 
by means of  a p i to t   tube   connec ted   to  a d i f f e r e n t i a l   p r e s s u r e  gage 
whi le   the   tub ing   cont ro l l ing   the   a i r   f low  across   the  membrane was 
connected  to  a pressure  t ransducer   which  indicated  the I A P  i n  
excess   o f   the   s tagnat ion   pressure .  The v i ab le   cu l tu re   t ube  was 
l o c a t e d   c e n t r a l l y   w i t h i n   t h e   r e s t r i c t e d  leg of  the  tunnel where the  
grea tes t   microbia l   cha l lenge  would be encountered.  Turning  vanes 
wi th in   the   tunnels   kept   the   a i r ,   f lowing   pas t   the  membrane assembly, 
laminar.  Microorganisms, upon the  event   of   penetrat ion  of   the 
membrane ho le ,  grew  upon the   agar   loca ted  i n  a cu l ture   tube   benea th  
the  membrane hole.   These  colonies were then   de t ec t ed   v i s ib ly  a t  
the  terminat ion  of   the 72  hour test. 
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PHOTOGRAPH P-0 PRESSURE LOSS TEST EQUIPMENT 
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4.1.3 Quiescent  Pressure Loss Test Equipment 

An appa ra tus   fo r   de t e rmin ing  the minimum t i m e  r e q u i r e d   f o r  
pene t r a t ion  on the occasion  of  loss o f   p r e s s u r e   d i f f e r e n t i a l  was 
designed  using the quiescent  test  equipment as a b a s i c  set up. Two 
u n i t s  were f a b r i c a t e d   a n d   c o n s i s t  of the  materials u s e d   f o r  
q u i e s c e n t   t e s t i n g ,   p l u s  the following  equipment  assembled as shown 
i n  Photograph P-0. 

Time I n t e r v a l  Meter - The'. timer used t o  measure the time 
i n t e r v a l  from the moment the'A P was shut o f f   u n t i l  i t s  subsequent 
re ins ta tement  was a Model 2021A Dual Time I n t e r v a l  Meter, Computer 
Measurements Company, San Fernando,  California.  

Time Delay Relay - The timer cont ro ls   used  were S e r i e s  319 
Adjustable  Plug-In Time Delay  Relays  of  the  following  types:  3 
second  type 319A3490lX; 30  second  type 319A006QlX and 100 second 
type 319A13401X. Automatic Timing and  Controls,  I n c . ,  King o f  
Prussia ,   Pennsylvania .  

Program Con t ro l l e r  - Adjustable  Cam Program Con t ro l l e r s ,  
series 2300B, u s e d   t o  time the   30   minute   inverva ls   dur ing   the  
72  hour t e s t  runs ,  were purchased  from Automatic Timing  and  Controls, 
I n c . ,  King of  Prussia,   Pennsylvania.  

4 .2  TEST  PROTOCOL 

4.2.1 Quiescent Tests 

The test  procedures   used  during  the  quiescent   tes t ing  program 
fol lowed  c losely the procedures  used  during the AMP I1 program,  and 
a r e  shown i n  the  f low  diagram i n  F igure   4 .2 .   F i f ty  mg o f   l yoph i l i zed  
B. s u b t i l i s   v a r .   n i g e r   s p o r e s  were a e r o s o l e d   i n t o  the chamber  by 
Geans of  a n  a i r  rupture   o f  a seal  wi th in  the spray  nozzle .  After 
f u r t h e r   d i s p e r s i o n  by the f an ,  the m i c r o b i a l   p a r t i c l e s  were allowed 
t o  se t t le  wi th in  the chamber and  thus  chal lenge  the  hole  i n  t h e  
membrane p r o t e c t i n g  the v i a b l e   c u l t u r e  chamber  beneath. A p o s i t i v e  
a i r  pressure  of  approximately 0.5 inches water pressure  above 
ambient  maintained a s teady  a i r  flow  through the membrane ho le ,  
p r e s e r v i n g   t h e   i n t e g r i t y  of the s t e r i l e  environment  within  the 
v i ab le   cu l tu re   t ube .  Any v i o l a t i o n   o f  the system  would  be  noticed 
during  the  course  of  a 72 hour t es t  by the  appearance  of a microbia l  
colony upon the surface of the aga r   w i th in  the tube. To f a c i l i t a t e  
growth ,   the   cu l ture   tube  was incubated a t  37OC i n - s i t u   f o r   t h e  
l as t  24 hours   of  each tes t .  

- 
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4.2.2 High Veloc i ty   Tes t ing  

Three tests were run   s imul taneous ly   in  three wind t u n n e l s   i n  a 
manner similar t o  that  o f  the quiescent  tests. Ins t ead   o f   qu ie scen t  
chamber conditions,   however,  a predetermined  wind  velocity  and 
p r e s s u r e   d i f f e r e n t i a l  was i n c o r p o r a t e d   i n t o  the experiment. The 
flow sheet shown i n   F i g u r e   4 . 3   i n d i c a t e s   o n l y   s l i g h t   v a r i a t i o n s  from 
that of  Figure  4.2.  One no t i ceab le   excep t ion  i s  the absence  of a 
24 hour   incubat ion   cyc le  a t  35-37OC. This was excluded  because  of 
t h e   d i f f i c u l t y  that would  be  encountered i n   i n c o r p o r a t i n g  a hea t ing  
man t l e   i n to  the wind  tunnel. It was f e l t  t h a t  the mantle ,   a l though 
a u s e f u l   t o o l   i n   g r o w i n g   v i s i b l e   c o l o n i e s ,  was n o t  a complete 
necess i ty   and  that  equa l ly   r e l i ab le   r e su l t s   cou ld   be   ob ta ined   w i thou t  
i t .  Photograph  P-1 shows the High  Velocity Test Apparatus. 

4.2.3  Quiescent-Transient  Pressure  Loss-Tes ts 

The quiescent   t es t ing   p rocedure  was adap ted   t o  the quiescent -  
t r a n s i e n t   p r e s s u r e  l o s s  tests by i n c o r p o r a t i n g   i n t o  the system a 
series of tiqers and   re lays  which were capable   o f   au tomat ica l ly  
c o n t r o l l i n g  the t ime /p res su re   va r i ab le s .  The v i a b l e   c u l t u r e  
membrane was p u t   i n t o   p l a c e  by a t tachment   to   the  chamber. The a i r  
p re s su re   l i ne   and  manometer l i n e  were at tached  and the p res su re  
a c r o s s  the membrane ad jus t ed   t o   2 .0   i nches  A P. After the a e r o s o l  
was d i s p e r s e d   i n t o  the chamber and  a l lowed  to  s e t t l e  f o r  5 minutes,  
the tape  covering the membrane ho le  was removed and the p res su re  
r e a d j u s t e d   t o  2.0 inches.  The timing  sequence was then   ac t iva t ed .  
A t  30   minute   in te rva ls  the Program C o n t r o l l e r   a c t i v a t e d  the time 
de lay   r e l ay   and  a t  t h e  same t i m e  c losed  the so lenoid  valve 
supplying a'ir t o  the system. After the appropr i a t e  t i m e  i n t e r v a l ,  
the timer opened the so lenoid  valve and  the A P was immediately 
r e e s t a b l i s h e d  a t  2.0  inches.  A t i m e  i n t e r v a l  meter was connected 
i n   p a r a l l e l  with the programmer so t h a t   t h e  time lag   could   be  
accurately  recorded.   During the course  of   the  72 hour t e s t ,  the 
membrane h o l e  was challenged  approximately 144 times f o r  a 
predetermined time i n t e r v a l .  Any v i o l a t i o n   i n   s t e r i l i t y  was not iced  
by microbial   colony  growth on the aga r   w i th in  the v i a b l e   c u l t u r e  
tube.  
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TEST PROCEDURE - I I I G H  VELOCITY 
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TEST  PROCEWRE - TRANSIENT  PRESSURE  LOSS 
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-HIGH VELOCITY TEST EQUIPMENT 

PHOTOGRAPH P- 1 

29 



4.3 HOLE CHARACTERIZATION 

Before i t s  i n c o r p o r a t i o n   i n t o  a p a r t i c u l a r  t e s t  run,   each 
membrane ho le  was examined  microscopically  and i t s  dimensions 
observed  and  recorded,  Those membranes cons ide red   t oo   l a rge   o r  
too small were d i sca rded .   In   gene ra l  the h o l e   s i z e s  were no  more 
than +lo% of the s i ze   r eco rded .  The one  except ion was the 20 FL 
recorded  s ize .   Nearly a l l  of these l a s e r   d r i l l e d   h o l e s  were 33 'P  
i n  diameter  a t  the end  facing up i n t o   t h e  chamber,  and l a r g e r  a t  
the  bottom  end. The 2 0 p  , 1 O O U  and 200 micron  holes  were d r i l l e d  
wi th  a laser ,  w h i l e   t h e   l a r g e r   s i z e s  were machine d r i l l e d   a n d  were 
more nea r ly  symmetrical. 

To b e t t e r   c h a r a c t e r i z e   t h e   m i c r o s c o p i c   h o l e s   i n  the aluminum 
membrane, a destruct ive  technique  developed  and employed during 
the  AMP I1 c o n t r a c t  was employed. Br ie f ly ,   an   epoxy  res in  was 
f o r c e d   i n t o  the hole   and  a l lowed  to   cure .  The aluminum was then 
etched away with a 5% s o l u t i o n  of hydro f luo r i c   ac id   and  the 
remain ing   res in  cast  photomicrographed  and  measured by means of a n  
ocular  micrometer.  A representative  geometry  of  one  of the 2 0 0 u  
diameter   ho les  was shown t o  have a top  dimension  of 2 2 1 u  and a bottom 
dimension of 332 IJ . The geometry was t h a t  of a truncated  cone 
approximately 304 microns   in   l ength ,   inc l ined   approximate ly  22O 
from t h e  ver t ic le .  Photomicrograph P-2 i s  a representat ive  sample 
of  a laser -dr i l led   ho le ,   showing  the   top   and   bo t tom  openings  made 
by t h e  laser. 

4.4 PARTICLE  DISTRIBUTION - HIGH VELOCITY ~ 

Several   experiments  were performed on p a r t i c l e   d i s t r i b u t i o n  i n  
t he   h igh   ve loc i ty  wind tunne l s  a f t e r  t h e  new atomizer   nozzles  were 
i n s t a l l e d   t o   r e d u c e   t h e   a i r b o r n e   p a r t i c l e   s i z e   w i t h i n  the tunnels .  
Previous work on the AMP I1 Program  had  revealed that  a t  h igh  wind 
v e l o c i t i e s ,  i . e . ,  30-35 mph, p a r t i c l e s  as  l a r g e  as 230 microns   in  
diameter are capable   o f   remain ing   a i rborne .   In   an   e f for t   to   reduce  
the p a r t i c l e   s i z e ,  new nozz les  were i n s t a l l e d   a n d   t e s t e d  by means 
of aluminum  membranes which were placed  in   the  wind  tunnels   and 
s u b j e c t e d   t o  a i r  stream flows  of 30 miles pe r   hour   fo r  one  hour 
before  being  examined  microscopically.  

Table 4.1 shows t h e   p a r t i c l e   s i z e   d i s t r i b u t i o n   o b s e r v e d  by 
microscopic   examinat ion.   Par t ic les  as  small as f ive  microns i n  
diameter were r ead i ly   d i sce rnab le   mic roscop ica l ly .  Below t h a t   s i z e ,  
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LASER  DRILLED MEMBRANE HOLE 

1 mm = 1 3 . 3 ~  

PHOTOMICROGRAPH P-Z 
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TABLE 4.1 

HIGH VELOCITY PARTICLE SIZE DISTRIBUTION AT 30 MPH 

P a r t i c l e  Diameter 

5-10 

10-20 

20-30 

30 

No. Coun te  d 

218 

1 2 1  

2 1  

0 

3 60 

% of  T o t a l  

61% 

3 4% 

5% 

0% 

100% 
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it became i m p o s s i b l e   t o   d i f f e r e n t i a t e   b e t w e e n   b a c t e r i a l   p a r t i c l e s  
and the ext raneous   sc ra tches ,   n icks ,  etc. on the   face   o f  the 
aluminum  membrane. The experimental  results show t h a t   w i t h   t h e  new 
nozzles ,   the   par t ic le   s izes   have  been  reduced by an  order  of 
magnitude . 

Photograph number P-3 are photomicrographs of an aluminum 
membrane taken a f te r  a n   a c t u a l  test run a t  30 miles per   hour .  The 
p h o t o   i n  the lower   r i gh t  i s  that of a blank membrane inc luded   fo r  
comparison. An occas iona l  25 t o  30'V p a r t i c l e  may be  observed oh 
the photographs. Most sizes,   however,  f a l l  below 10  CL i n  d2ameter. 
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PARTICLE  DISTRIBUTION - HIGH VELOCITY 

30 MPH 

1 mm = 13.3 

PHOTOGRAPH P-3 
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5.0 RESULTS AND DISCUSSION 

5.1 QUIESCENT  PROGRAM 

A t o t a l   o f  46 tests were performed  during the quiescent  phase 
of the program.  Hole s izes   ranging   f rom.1000  microns   to  3000 microns 
i n   d i a m e t e r  were employed a t  p r e s s u r e   d i f f e r e n t i a l s   r a n g i n g  from 
0.05 inches  of  water above  ambient,   to 0.5 inches.   Table   5 .1  i s  
a summary of  the quiescent  t e s t  runs.  The use of  oxyethylene 
docosanol wax as a water evapora to r   r e t a rdan t   a l l owed   fo r  the 
i n c r e a s e   i n  membrane hole  diameter  from the previous maximum 
diameter  of  1887  microns  to that  of  the 3000 microns  diameter. This 
was accomplished  without  undue  evaporation  of  moisture  from  the 
surface of  the  agar  and  with  the  knowledge that  the   bac t e r i a  would 
grow on the agar/wax  surface,  i f  the h o l e   i n  the membrane was 
pene t r a t ed  by a bac ter ia l   contaminant .  

The quiescent  t es t  results,  as evidenced by the  build-up  of 
s t a t i s t i c a l  d a t a ,  show results c o n s i s t e n t   w i t h   t h e   t h e o r e t i c a l  and 
experimental   analyses   of  AMP 11, which  indicated that  a pressure  
d i f f e r e n t i a l   o n l y   s l i g h t l y  above  ambient was a l l  t h a t  was requi red  
to   prevent   penetrat ion  under   ambient   condi t ions.  No anomalies 
were encountered  during the course  of   the   quiescent   tes t ing  which 
would i n  any way a l t e r  o r  cast  doubt on the results obtained. The 
pressure  of  0.05 inches  of  water above  ambient was chosen as the 
minimum pressure  point   because i t  represented  the lowest   reading 
tha t   cou ld  be  taken on the manometer wi th  a high  degree  of   accuracy.  
A p r e s s u r e   d i f f e r e n t i a l   o f  0.5  inches  of water was found t o t a l l y  
adequa te   i n   p reven t ing   pene t r a t ion   o f   bac t e r i a l   pa r t i c l e s   unde r  
quiescent   condi t ions .  

5 . 2  HIGH VELOCITY PROGRAM 

A t o t a l   o f  5 0  tes ts  were run  during the high  veloci ty   program, 
u t i l i z i n g   h o l e   d i a m e t e r s   o f  20,   200 and 1000 microns  in   diameter  
a t  wind ve loc i t ies   ranging   f rom 10 t o  3 0  miles per   hour .   Pressures  
from 0.05 i n c h e s   t o  3.2 inches water pressure  above  ambient were 
employed in   an   e f fo r t   t o   p reven t   pene t r a t ion   t h rough  the va r ious  
diameter   holes  . 

The r e s u l t s  of these tests are recorded  in   Tables  5 . 2 ,   5 . 3 ,  and 
5 . 4 ;  and shown g raph ica l ly  combined w i t h  d a t a  from AMP I1 i n  F igures  
5.1, 5 . 2 ,  and  5.3.  Figure 5.4 i s  a composite  of a l l  three graphs. 
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il 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14  
15 
1 6  
17 
18 
19  
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
3 0' 
3 1  
32 
33 
34 
35 
36 

TABLE 5 . 1  

QUIESCENT TEST  RESULTS 

Hole Size 

1000 micron 
1000 
1000 
1000 
1000 
1667 
1667 
1667 
1887 
1887 
1887 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2333 
2333 
2333 
2333 
2333 
2333 
2333 
2333 

- A P  

0.5 inches 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

Test  Results 

N e  ga t ive  
N e  ga t ive  
Negative 
Negative 
Negative 
Ne ga t ive  
N e  ga t ive  
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
N e  ga t ive 
Ne ga t i v e  
Negative 
Negative 
Negative 
Negative 
Negative 
Negative 
Ne ga t ive  
Negative 
Ne ga t i v e  
N e  ga t ive 
Negative 
Negative 
Ne ga t ive 
Negative 
Negative 
Ne ga t ive 
Negative 
N e  ga t ive  
Negative 
Ne ga t ive  
Ne ga t ive 
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f 

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

- Hole Size 

TABLE 5 . 1 (CONTINUED) 

QUIESCENT TEST RESULTS 

3000 micron 
3000 
3000 
3000 
3 000 
3000 
3000 
3000 
3000 
3000 

0.5 inches 
0.5 
0.5 
0.5 
0.5 
0.5 
0.05 
0.05 
0.05 
0.05 

Test  Results 

Negative 
Negative 
Ne ga t ive  
Negative 
Negative 
Negative 
Negative 
Ne ga t ive 
N e  ga t ive 
Negative 
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TABLE 5.2 

MPH - 
10 
10 
10 
10 

15 
15 
15 
15  
15 

20 
20 
20 
20 

25 
25 
25 
25 
25 

30 
30 
30 

HIGH VEXOCITY TEST  RESULTS 

20 MICRON HOLES 

.05 
05 

.05 
05 

.05 . 05 

.05 . 05 

.05 

.05 

.05 

.05 

.05 

.05 . 05 

.05 

.05 

.05 

.05 

.05 

.05 

TEST RESULTS 

Ne ga t ive 
Ne ga t ive 
N e  ga t ive 
Negative 

Ne ga t ive 
Negative 
Ne ga t ive 
Ne ga t i v e  
Negative 

Negative 
Ne ga t ive 
Ne ga t ive 
Ne ga t ive  

Negative 
Ne ga t ive 
N e  ga t ive 
Ne ga t ive 
Ne ga t ive 

Ne ga t ive 
Negative 
Negative 
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TABLE 5 . 3  

MPH - 
10 
10 
10 
10 

1 5  
1 5  
15 
1 5  

20 
20 
20 
20 
20 

25 
25 
25 
25 
25 
25 
25 

30 
30 
30 
30 

HIGH VEXOCITY TEST RESULTS 

200 MICRON HOLES 

- AP 

.05 
05 

.075 

.10 

.05 

.1 

.1 

.1 

.05 

.05 

.10 

.10 

.10 

.05 

.05 . 10 

.10 . 10 

.10 

.10 

0 20 . 20 
.50 
- 5 0  

TEST RESULTS 

Posi t ive 
Posi t ive 
Posit ive 
Ne ga t ive 

Posit ive 
Negative 
Negative 
Ne ga t ive 

Posit ive 
Ne ga t ive 
Ne ga t ive 
Negative 
Ne ga t ive 

Posit ive 
Posi t ive 
Posit ive (1 colony)  
Ne ga t ive 
N e  ga t ive 
N e  ga t ive 
Ne ga t ive 

N e  ga t ive 
Negative 
N e  ga t ive 
N e  ga t ive 
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MPH 

2 0  

20  

20  

- 

25 

25 

25 

30 

30 

30 

30 

30 

TABLE 5.4 

HIGH VELOCITY TEST RESULTS 

1000 MICRON HOLES 

- A P  

0.5 

0.5 

0.5 

TEST RESULTS 

Posi t ive 

Negative 

N e  ga t ive  

1.2 Posi t ive 

1.2 Ne ga t ive  

1.5 Ne gat   ive  

2.4 

3.0 

3.0 

3.2 

3.2 

Posi t ive 

Posi t ive 

Negative 

N e  ga t ive 

Negative 
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HIGH  VELOCITY.  RESULTS 
200 Cr HOLE  DIAMETER 
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HIGH  VELOCITY RESULTS 
1000 Ir HOLE DIAMETER 
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COMPOSITE RESULTS - HIGH  VELOCITY 
EFFECT OF IMPINGING AIR STREAM VJZOCITY OF MICROBIAL 
PENETRATION THROUGH MICROSCOPIC HOLES I N  MEMBRANES 
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From Figure   5 .1  i t  becomes apparent  that  f o r  wind v e l o c i t i e s  up t o  
30 mph, a water p res su re   o f   s l i gh t ly   above  0.4 inches  over   ambient  
was a l l  that  was r e q u i r e d   t o   p r e v e n t   p e n e t r a t i o n   o f  a l l  t h e  
a i r b o r n e   p a r t i c l e s   t h a t  were observed by the 20cl ho le   d iameter .  

. .  . A s  the a i r  v e l o c i t y - i n c r e a s e s  beyond  30 miles per   hour ,  the A P 
needed t o   e f f e c t i v e l y   p r e v e n t   p e n e t r a t i o n  r ises sha rp ly ,  i .e . ,  

-1 .05   inches  a t  35 mph. Figure  5 .2  shows the effects of   wind  veloci ty  
on a 200   mic ron   ho le   d i ame te r .   I n i t i a l ly ,   spo ra t i c   pene t r a t ion  was 
observed a t  0 .05   i nch   d i f f e ren t i a l   p re s su re   above   s t agna t ion .  As 
the A P was i n c r e a s e d   t o  0.1 inch  'however, the i n c r e a s e   e f f e c t i v e l y  
p reven ted   pene t r a t ion  a t  v e l o c i t i e s   u p   t o  25 miles per   hour .  This 
c o r r e s p o n d s   t o  a A P above  ambient  of  approximately  0.36  inches 
water p re s su re .  Beyond this  c r i t i c a l  v e l o c i t y   o f  25 mph, t h e  A P 
r e q u i r e d  rises sha rp ly  - i . e . ,  0 .6   i nches   ove r   ambien t   fo r   pa r t i c l e s  
t r a v e l i n g  a t  v e l o c i t i e s   a p p r o a c h i n g  30 mph. 

The one p o s i t i v e   c u l t u r e   t u b e   ( t h e r e  were fou r   nega t ive   t ubes )  
observed  during the test runs  a t  25 mph and  0.36 A P over  ambient 
had  only  one  colony  growing on the c u l t u r e   a g a r  a f t e r  72  hours  of 
t e s t i n g .  This was r epor t ed  as a v i o l a t i o n   o f   s t e r i l i t y  and  could 
be a t t r i b u t e d   t o  a p a r t i c l e   l a r g e r  t h a n  those   p rev ious ly   observed ,  
p r e s e n t i n g  i t se l f  t o  the h o l e  a t  a v e l o c i t y  of 25 mph and 
p e n e t r a t i n g  the outf lowing a i r ,  regula ted   to   0 .36   inches   above  
ambient. This was the o n l y   v i o l a t i o n   o f   s t e r i l i t y  a t  that  p a r t i c u l a r  
p re s su re   and   ve loc i ty   and   l ends   c r edence   t o  the b e l i e f   t h a t  the 
system  employed i s  p o t e n t i a l l y   s e n s i t i v e  t o  t h e   p e n e t r a t i o n  of one 
p a r t i c l e .  

Figure  5.3 shows t h e  effects  o f   p a r t i c l e s   b e i n g   p r e s e n t e d  t o  
a hole   approximate ly  1000 m i c r o n s   i n   d i a m e t e r .   I n   t o t a l ,   e l e v e n  
tes ts  were performed a t  wind v e l o c i t i e s   o f  20, 25 and  30 miles pe r  
hour.  These results,  toge the r   w i th   t hose   o f  the previous  work, 
e s t a b l i s h e s  a c r i t i c a l  v e l o c i t y   f o r  the 1000 micron  diameter   hole ,  
a t  about  15 miles per   hour .  Beyond t h i s   v e l o c i t y ,   t h e   c h a n c e  of 
p e n e t r a t i o n  becomes h i g h l y   s e n s i t i v e   t o   t h e   p a r t i c l e   v e l o c i t y   a n d  
hole   d iameter .   F igure  5.4 shows a composite  of the three graphs.  

A t  no t i m e  d u r i n g   t h e   c o u r s e   o f   t h e   h i g h   v e l o c i t y   t e s t i n g  was 
i t  n e c e s s a r y   t o   s h u t  down equipment  due  to a m e c h a n i c a l   f a i l u r e .  
This c o u l d   b e   a t t r i b u t e d   t o  the p a i n s t a k i n g   d e s i g n s  which were 
i n c o r p o r a t e d   i n t o  the AMP I1 program. The only  change, as mentioned 
p rev ious ly ,  was the new a e r o s o l   d i s p e n s e r   n o z z l e   i n c o r p o r a t e d   i n t o  
the wind t u n n e l s   p r i o r   t o   t h e  test runs.  The fac t  that no 
add i t iona l   changes  were necessary  makes it  p o s s i b l e   t o   i n c o r p o r a t e  
the AMP I1 r e s u l t s  w i t h  the r e s u l t s   o b t a i n e d   d u r i n g  the course of 
these experiment s. 
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5.3 QUIESCENT - LOSS OF PRESSURE 

A t o t a l   o f  35 tests were performed with the modi f ied   qu iescent  
a p p a r a t u s   i n   a n   e f f o r t   t o   d e t e r m i n e   t h e  minimum time r e q u i r e d   f o r  
m i c r o b i a l   p e n e t r a t i o n  on the occasion  of  loss o f   p r e s s u r e   d i f f e r e n t i a l .  
The r e s u l t s  of these  experiments  are shown in   Tab le  5.5. The 
s e n s i t i v i t y   o f   t h e   i n s t r u m e n t a t i o n  was such that  a time l a p s e  as  
small as 0.2  seconds a f te r  the pressure  decay  reached  ambient ,  
could  be  recorded. I n  one i n s t a n c e   i n  which a 1000 micron  hole was 
employed, a 1.0 second  down-time was a l l   t h a t  was r e q u i r e d   t o  
a l low  pene t r a t ion .  A l l  the tests that  were r u n   i n  such a way as t o  
a l l o w   t h e   p r e s s u r e   t o   r e t u r n   t o  2.0 inches one  second  before  ambient 
was reached,  showed no penet ra t ion   th rough  the   ho le .   Indeed ,  
those  tes ts  i n  which the pressure  decay  reached  ambient   and were 
immediately  re turned t o  2 inches   wi thout  a recordable  time de lay ,  
r e s u l t e d   i n  a f a i l u r e   f o r   t h e   m i c r o o r g a n i s m s   t o   p e n e t r a t e .  Only 
du r ing   t he  t e s t  runs  where a r eco rdab le  time de lay . (0 .2   s econds   o r  
g r e a t e r )  was allowed a f t e r  the  system  reached  ambient ,  was penet ra -  
t i o n   o b s e r v e d .   I n   m o s t   i n s t a n c e s   t h i s  time de lay  was i n   t h e   o r d e r  
of 1 second.  With  the  20  micron  diameter  hole,   however,  no 
pene t r a t ion   occu r red  a f te r  a de lay   o f   up   t o  10 seconds. It was only 
when the de lay  was ex tended   to   30   seconds   tha t   pene t ra t ion  was 
observed. A s  prev ious ly   men t ioned ,   t h i s  phenomena may have  been 
due to   t he   o rgan i sms   no t   p re sen t ing  themselves t o  the 20 lJ h o l e  
d u r i n g   t h e  t i m e  l a p s e ,   o r ,   t h e   p r e s s u r e   d e c a y  may not   have  reached 
ambient a f te r  8.5  minutes ,   but  may have  been a t  some point  between 
.005 i nches  A P, and  zero.   Figures   5 .5 ,   5 .6 ,   and 5.7 show t h e  
r e s u l t s  of the   p re l iminary  work i n   e s t a b l i s h i n g  the pressure   d rop/  
time curve s . 
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TABLE 5.5 

QUIESCENT TESTS WITH PRESSURE DROP 

TEST __ # H O L E  SIZE - -  TIME . (SEC)* ~ ~ PENETRATION 

1 20 +1 
2 20 +1 
3 20 +10 
4 20 0 
5 20 +10 
6 20 +3 0 
7 20 +60 

8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
2 1. 
22 
23 
24 
25 
26 
27 

28 
29 
30 
31 
32 
33 
34 
35 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

2 00 
2 00 
200 
2 00 
200 
200 
200 
2 00 
2 00 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

+1 
+1 
+1 
+1 
-1 
0 
-1 
-1 
+3 
+2 
+l 

+1 
+1 
+1 
+1 
-1 
-1 
0 
0 
0 

+1 
0 
0 
+.8 
-.2 
+. 2 
-.2 
+. 2 

Negative 
Negative 
Negative 
Negative 
Negative 
Positive 
Positive 

Positive 
Positive 
Positive 
Positive 
N e  ga t ive 
Ne ga t ive 
Ne ga t ive 
Negative 
Positive 
Positive 
Positive 

Positive 
Positive 
Positive 
Positive 
Ne ga t ive 
Ne ga t ive 
Nega t ive 
Ne ga t ive 
Nega t ive 

Positive 
Ne ga t ive 
Negative 
Positive 
Ne ga t ive 
Positive 
Ne ga t ive 
Positive 

* + indicates t i m e  i n  seconds af ter   zero A P. - indicates time i n  seconds  before  zero A P. 
0 indicates time when pressure  reached  zero A P, 
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6 . 0  CONCLUSIONS 

The test  da ta   accumula ted   dur ing   the   course   o f  the t h r e e  AMP 
programs  provides a foundation  upon which one  can  build a 
p r o b a b i l i t y  of recontaminat ion   eva lua t ion .  A l l  one  needs f o r   s u c h  
a s t a t i s t i ca l  e v a l u a t i o n   f o r  a program  such a s  Viking, i s  the 
necessary  environmental   data   which  the  capsule   encounters .  

The expe r imen ta l   and   ana ly t i ca l   da t a   acc rued  shows t h a t   t h e  
techniques  employed  during the cour se   o f   t he   con t r ac t  were r e l i a b l e .  
Accumula ted   da ta   ind ica tes   tha t   the   sys  e m s  employed are p o t e n t i a l l y  
s e n s i t i v e   t o   p e n e t r a t i o n  by 1 of the 1 0  & v i a b l e   p a r t i c l e s   t h a t  were 
a e r o s o l e d   i n t o  the test chamber o r  wind  tunnel   during a t y p i c a l  
t es t  run. The microorganism(s) upon t r a n s g r e s s i n g   t h e   h o l e  would 
be  deposi ted upon t h e   c u i t u r e  m e d i a   p r e v i o u s l y   t r e a t e d   t o   r e t a r d  
evapora t ion ,   and   dur ing   the   course  of  the 72 hour t e s t  run ,  would 
grow i n t o  a co lony(s )   l a rge   enough  to   be   seen  upon v i s u a l  examina- 
t ion.   Safeguards were b u i l t   i n t o  the system so that  growth on t h e  
agar w i t h i n   t h e   v i a b l e   c u l t u r e  chamber  could  only  be  the result  of 
p e n e t r a t i o n   t h r o u g h   t h e   h o l e   i n  the tes t  membrane i n  ques t ion .  

6 . 1  QUIESCENT PROGRAM 

T e s t  data   f rom  the  quiescent   program  revealed no  dependence 
of   pene t ra t ion  on p a r t i c l e   s i z e   a n d   h o l e   s i z e  with r e g a r d   t o  
s p o r e   p a r t i c l e s  up t o  35 microns i n  d iameter ,   and   ho le   s izes   up   to  
3000 microns i n  diameter .  It i s  c l e a r l y   e v i d e n t   t h a t   u n d e r   q u i e s c e n t  
cond i t ions ,  a p r e s s u r e   d i f f e r e n t i a l   o f  0.5 inches  of water i s  more 
than  adequate  t o  p reven t   pene t r a t ion  by v i a b l e   p a r t i c l e s  up t o  35 
m i c r o n s   i n   d i a m e t e r .   T h e o r e t i c a l   a n a l y s i s  of th is  s i t u a t i o n   i n d i c a t e s  
t h a t  0.5 inches   o f  water s h o u l d   s t o p   p e n e t r a t i o n   o f   p a r t i c l e s  up t o  
200 m i c r o n s   i n   d i a m e t e r   f o r   h o l e   s i z e s  up t o  several thousand 
microns i n  diameter .  The 0.5 inch   of  water p r e s s u r e   d i f f e r e n t i a l ,  
t hen ,  would  appear  to  be a c o n s e r v a t i v e   p r e s s u r e   l e v e l ,   k e e p i n g   i n  
mind,  however, that  a series of   four  tests with t h e  3000 P hole  
diameter   proved  negat ive  (no  penetrat ion)   with as l i t t l e  as 0.05 
inches  of  water p r e s s u r e   d i f f e r e n t i a l .  

6.2 HIGH VELOCITY PROGRAM 

Bo th   expe r imen ta l   and   t heo re t i ca l   da t a   pe r t a in ing   t o   t he   h igh  
ve loc i ty   p rogram,   ind ica te  a growing  dependence on h o l e   s i z e ,  
p a r t i c l e   s i z e ,   a n d   a i r   v e l o c i t y .  The d a t a   a l s o   i n d i c a t e   t h a t   a n y  
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p r a c t i c a l   a p p l i c a t i o n   o f  the use of a p o s i t i v e   p r e s s u r e   d i f f e r e n t i a l  
as a means o f   m a i n t a i n i n g   s t e r i l i t y   m u s t  take i n t o   c o n s i d e r a t i o n  the 
c o n t r o l   o f  these three parameters  - foremost   o f   which   appears   to  
be the e x t e r n a l  a i r  stream v e l o c i t y .  A p r e s s u r e   d i f f e r e n t i a l   o f  
2.0 inches   o f  water pressure  above  ambient   would  be  adequate   to  
p r e v e n t   p e n e t r a t i o n   o f   m i c r o b i a l   p a r t i c l e s ,   u p   t o  200 m i c r o n s   i n  
d i a m e t e r ,   t r a v e l i n g  a t  v e l o c i t i e s   u p   t o  25 mph, through  holes   up 
t o  10001.1 in   d i ame te r .  

6 . 3  QUIESCENT PROGRAM - TRANSIENT PRESSURE LOSS 

The t e s t ing   p rog ram on t r a n s i e n t   p r e s s u r e  loss h a s   c l e a r l y  
i n d i c a t e d  that  a p res su re   d rop   t o   ambien t   sus t a ined   fo r  as s h o r t  
a t i m e  i n t e r v a l  as one   second  cons t i tu tes  a v i o l a t i o n   i n  the 
i n t e g r i t y  of the s t e r i l i t y  the system was des igned   t o   ma in ta in .  
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APPENDIX A 

AIR VELOCITY CALCULATIONS 

The a i r  v e l o c i t y   w i t h i n  the wind  tunnel  was measured  by  means 
o f  a p i t o t   t u b e   l o c a t e d   n e a r   t h e   b e g i n n i n g   o f   t h e  high v e l o c i t y  
l e g .  This was connec ted   t o  a pressure   t ransducer   gage  which read  
v e l o c i t y   p r e s s u r e   i n   i n c h e s   o f  water. Using th i s  readin  and 
u t i l i z i n g  a s tandard  a i r  dens i ty   r ead ing   o f  0.075 l b s / f t  8 , the 
v e l o c i t y   i n  feet  per   minute  was determined on an  a i r  v e l o c i t y  
c a l c u l a t o r   s l i d e   r u l e ,  F.W. Dwyer Manufacturing Company, Michigan 
Ci ty ,   Ind iana .  From this reading ,  the miles per   hour  were 
de t e  m i n e d  . 

CONVERSION  TABLE  PITOT TUBE 

A P TO MPH 

10 mph 
20 mph 
25 mph 
30 rnph 
35 mph 
40 mph 
45 mph 
50 mph 
60 mph 

VELOCITY A P PITOT TUBE - 
14.7 f t / sec  
29.3 f t / s ec  
36.7 f t / s ec  
44 f t / sec  
5 1  f t / sec  
58.7 f t / s e c  
66 f t / s ec  
73.3 f t / sec  
88 f t / sec  

882 f t / m i n  
1760 f t /min  
2200 f t /min  
2640 f t / m i n  
3060 f t / m i n  
3520 f t /min  
3960 f t /min  
4400 f t /min  
5280 f t /min  

0.049" 
0.19" 
0.30" 
0.43" 
0.58 
0.78" 
0.98" 
I. 24" 
1.75" 

53 



APPENDIX B 



APPENDIX C - 1  

QUIESCENT TEST .RESULTS 

COMPOSITE  RESULTS - AMP 11 AND 111 
NUMBER OF 

TESTS PRESSURE HOLE SIZE 

2 
.50 20 12 
. 00 20 

2 

.50 200 11 

.50 200 1 

.oo 2 00 

2 

2.00 1000 16 
.50 1000 20 
. 00 1000 

3 1667 0.50 
3 1887 

2000 7 
0.50 

0.50 3000 6 
0.05 3000 4 
0.50 2333 8 
0.50 

- 
- - 97 . - . T e s t s -  - - . . . . . , , - 

~. -~ 

TEST RESULT; 

+ - 

+ 
+ - 

+ = P e n e t r a t i o n  

- = No P e n e t r a t i o n  *. 
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APPENDIX C-2 

HIGH VELOCITY RESULTS 

COMPOSITE  RESULTS - AMP I1 AND 111 

HOLE  DIAMETER 

A P  I A P  

.oo + 

.oo + 
-05 - 
.05 - 
.05 - 
-05  - 
010 - 

+ = P e n e t r a t i o n  

- = No P e n e t r a t i o n  

I r 
20 

- 0 5  - 
.05 - 
- 0 5  - 
.05 - 
010 - 

-05 - 
.05 - 
-05 - 

020 - 
020 - 
030 - 
030 - 
030 - 
050 - 

~" 

35 

A P  

010 + 
.10 8 
020 6) 

.30  + 

.40 + 
- 5 0  - 
.50 - 

= Clogged Orifice 
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APPENDIX C-3 

HIGH VELOCITY  RESULTS 

COMPOSITE  RESULTS - AMP I1 AND 111 

200 P 

0 5  + 
-05 + 
-075 + 
0 10 
0 10 

- 
- 

. 0 5  + 

.10 - 
010 - 
010 - 

HOLE  DIAMETER 

I 

AP A P  - 

000 + 
-05 + .05 + 
-05 - . 0 5  + 
010 - .10 + 
010 - 010 - 
.IO - .IO - 
010 - 010 - 

010 - 
.10 - 

L*3_ 
+ = Penetration 

- = No Penetration 

30 

3 p  

000 + 

010 + 
.10 - 

.15 - 

.20 - 

.20 - 

.30  - 
.50 - 
. 5 0  - 

35 

A P  

.oo + 

.10 + 

.10 - 

020 + 
. 3 0  - 
.30 + 
.40 - 
.40 - 
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APPENDIX  C-4 

HIGH VELOCITY RESULTS 

COMPOSITE  RESULTS - AMP I1 AND 111 

1OOOp HOLE DIAMETER 

+ = Penetration 
~~ ~~~ ~ 

" - No Penetration 
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